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A PRO_'O,_zD DESCENT TPj_F£C_IDEY fJ._D_'--O=£LBDT_IET

INI_RODUC TION

_he identification of desirable features of the i_i powcred descent

maneuver and the process of understanding the systems required to enable

such a maneuver has progressed rapidly since the lunar orbit rendezvous

approach _s adopted for Apollo. The concept of a three-phase descent

as proposed in reference i now appears to be accepted althouQh further

refinements of the described trade-offs between operationally desirable

features and guidance and/or other system optimum performance still

continues and probably will continue to some degree until the actu_l

mission date is closely approached. More recently, the improved under-

standil_ of the descent has been evidenced by the adoption of a Delta V

or fuel budget (reference 2) and a fairly detailed sequence of events

as part of the AMPTF effort (reference 3). Additional understanding of

the descent maneuver requirements has been gained by the G&C Division

through analysis and piloted simulation studies (references h, 5, and 6).

The results of these studies provides the basis for significant refine-

merits to be made to both the descent trajectory and to the fuel budget.

It is the purpose of this paper to describe these refinements and to

explain their importance to the L_I descent.

PROPOSED NOMINAL DESCENT TFJ_JECTORY

Phase I

_e three phases of a proposed _4 n_ninal descent i,rajecto_% _ are

described by the time histories presented by figure i (a, b, anJ c).

_]ase I (or Braking Phase as proposed in reference 7) is essentially the

same as the corresponding phase from _MI_TF Review draft (reference 3).

Phase II

Phase II (or Landing Approach Phase) (fign_re i (b)) is also quite

similar to the corresr, onding phase of reference 3 through most of %h_t

descent] the significant difference bei_g in the specified end conditions.

'ihe end conditions proposed are 700 feet of altitude_ fo_Tard veloc__y of

60 ft/sec and vertical velocity of 15 ft/sec, as compa-_ed to 200 feet of

altitude and i0 ft/sec fom_rard velocity .from reference 3. _ne significant

advanlage of the change proposed is that the transition from a pitched-

back attitudc to an attitude close to the vertical occurs at a higher alti-

tude and thus allows the pilot a milch improved view of the landing arca

earlier than afforded by the t;_ajecLo_y reference 3 It is b_3__ _Jl

that an sltitude of 200 feet (reference 3) is much too low for the fairly

radical attitude transition between Phase i! and Fnasc III. M!T, in

their descriptions of this transition_ have stated that 200 feet is not
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firJn].y reco_mendedbut that operational consideratior_s _.._?_yresult in
selecting a higher altitude. Lanc]ing ap?reach simulation studies con-
ducted by the Cuida_-_ceand Control Di_qsion (reference 5) h_.vea]f_uw_d
qu_::litative comparison between the two-i._£e trajectories a_ the Ire-
_ss_d trajectory, tho_gh not necessarily considered a fi_.!._.!ens...'er, w'_s
judged to be superior. Several hundred si_uulated landing apprce.ches
were flown by Astronauts and Flight Crew Support pilots during the
reference studies.

_lase III

The proposed time history of Phase IIl (or Final Approach Phase) is

sho_.m in figure l(c) and an altitude range profile is sho_m in f_gure 2.

The significant feature of this phase is a continuation of the flight path

angle established during Phase II flo%_ At an attitude close to vertical.

_his approach attitude will afford the pilot the best available window

view of the landing area and being close to the landing attitude pro-

vides a good reference platform to judge the landing situations. _he

velocities during this phase are gradually decreased until the landing

site is reached and just prior to this point, a flare is made to all_

the final 50 to i00 feet of altitude to be covered in essentially a

Yertical descent. Because the no_inal i.o_cbdo_.m point is close to the

extrapolated flight pe,%h intersection with the lunar surface, the pilot

li_e-of-sight to the landing site durir_ the latter portion of Phase II

remains well within the available windo_._ and landing site visibility

should be excellent until the final flare is performed.

Re!'_{tionshJp. of Ph-_.se III trajeclor_ _ to dc_,.d-mr:.n cr,._'ver_

A fairly important consideration in the design of the final spproach

to the lunar surface is the relationship to so-called dead-man's curves.

_hese curves define the combination of altitude, vertical _eloeity, and

sieging time for which an abort is not feasible because the ascent engine

cannot arrest the vertical descent prior to the L_.i hitting the surface.

. - "° iDead-nmn's curves for various slagJng times are shown on • .gure 3. _ese

curves do not include any opt_rational consideration for the amounl by

which the surface should be cleared to avoid descent engine debris. The

figure also includes a plot of the altitude-vertical velocity relationship

of both the proposed trajecto_; and that of the .<_.'PTFDraft. Ass_u_ning

t'_:_t.... a total si_ging tJ_e (recognizing the failure, _nm....._'__ng s<aging

action and accomplishing slaging) of 4 seconds is reasc___ab!e, it appe<_rs

theft the A]'.[PTFtrajectory is uncomfortably close to the dead-r;:an's cu_,_e

. _.... _...,_. pro-almost continuously. _e proposed trajeclor¢ does st_.y _.,_h_'n -_t-.-

per boundary for most of the final descent but it is apparent thai any
am_ro?_ch " " " _ " -,-_ _--._ trajectory must violate the cu_,,e (although the time so e..p....d

does not have to be long) just prior to touchdown.
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Imr_.c._on _<uidance :_ccbani:;ation

rfne proposed nc,:,._ine.3,descent trajectory is b-z.l_ieved to impose no

new hardshil, s upon lhe guidance or control r._.char.izatJon. Phase I

represents r_o c]mn_e. The ehal_ge _n end conditie:J_ of IVl_.se II should

be easily acco_,.odated by the 6-m.idance sysiem. _r_,'.seIII_ a!tho_h

longer in duration than the eorrespondin S phase of reference 3; presents

a comparatively simple task of programing and should not burden the system,

PROPOSED LEM DESCENT FUEL BUDGET

Proposed Nominal Trajectory Requirements

"._ " velocity requirements of the three-phase tra-The charac _er_ t]e

jectory proposed above and the A!_iPTF Draft Review are as follows:

Propose d AMPTF

Phase I 5024 5005

Phase II 950 1050

19_ase III 455 336

Total _

The small difference in the ILase i n_Lbers are attributed to slight

difference in end conditions and computational approach. Phase II of

the A_%PTF Draft reojlired lO0 ft/sec more than the approach proposed but

this is pri_rs.rily due to the different end c_n@_,.__no. Tn_s dlf_e_nce

is almost reversed for i_se IIl .... the ..... s "_-_-_},ner_ prop ......trajectory takes aou_.o

119 ft/sec more L,h__ the A,.,._,. tane ___..z,,_,:....:....rc_su]_t _.s ihat for _r-_-cti:.al

purposes the total fuel requirement is essentially the same and minor

changes in assttmption cott].daccount for any differences indicated.

Contingency fuel requirements

The nominal trajectory fuel requirements as described above, are

close to a theoretical minimum for the operational constraints inherent

in the three-phase descent approach. From a practical standpoint; it is

necessary then to al.lovz for both antic_ipated and unanticipated contingen-

cies and also for identifiable features of the approach trajectory not

described by the nominal profiles. Anticipated contingencies and the fuel

allotted are as follows:

Off nomins! guidance perfo_:mnce (Fnase I and II)

Off nominal descent propulsion (All _,]'_._'-ses)

Alternate site selection (Phase 11()

50 ft/sec

75 ft/sec

]_20 ft/sec
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Landing point insp_:_ction (Phase II]_) lO0 ft/sec

_Luel depletion nm.rgin (Phs,se III)
Total

The off-nominal g_.idance performance allowance provides for errors

in attaining desired initial condition at the start of powered descent

and errors attributable to inertial system dr_ft duri11_ the powered

descent. The magnitude does not reflect a rigorous solution of the off-

nominal performance but rather a conservative guess based upon expected

system performance. The off-nominal descent propulsion allottmmnt rep-

resents a 1 percent error allowance. The allottment for alternate land-

ing site selection provides for about a 5000 feet cha_e in landing site

position to be made at an altitude of 5000 feet. Reference _ shows this

takes approximately i00 ft/sec, however, this is considered a conservative

figure as a latter analysis presented in figure 4 shows that considerably

more range _my be obtained using the LEM primary guidance if it is not

constrained by attitude or thrust level limitations. The remaining 20 ft/sec

allows a subsequent refinement to be made as the landing site is approached.

allootm_,t provides for about 20 seconds ofThe landing point inspection _- _-

hovering time to allow a detailed look at the site prior to final descent.

_J.s allowance could also provide for a slight dog leg in approaching the

landing site in the eve_. t_.at a side perspective of' the site was -desired

in addition to the perspective afforded by a straight in approach. The

fuel depletion m_rgin (about 15 seconds) is justified because the crew

_,_ould be unwilli_,g..,for the z_.e],r_=__nzno_,_-" _, in_l-_noiL__ to closely ap_ros.ch_

an absolute f_e.],depletion mark. t_is mar_in wo_Ad ]_robably L_ rush greater

if the_-c is r_ot an accur-_te f_! qu_ntiiy ga_Ce available to +.he rilot.

For unanticipated contingencies; it is believed that 21_0 ft/sec (ab_c.ut

45 seconds of hover) is a reasonably conservative allottment. At one time

in the LFJ4 tank sizing requirements; there _ms an implication that two

minutes of hover time was provided. Ibis however, was to provide for msny

of the contin6encies listed above and also was quite widely mineonstrued

to mean a hover caps.bility after reaching the landing site. In fact, how-

ever; it was associated with a hover at an altitude of i000 feet and a con-
servative letdo<_n from that a].titude would easily ha_'e expended i{- minutes

of the 2 minutes of hover 9_el. Thus, the 45 seconds of hover contingen<.y

allotted in the present pro<,osa! is considered conservative.

In actual practice; it is expected that considerable addition9_l

flexibility in choosing an alternate landins site exists durin_ ]_ase Iii

without large fuel costs. _]_is flexibility should be present because the

pilot can choose to maneuver the L_._ with larger attitude chan:ges _han

that assumed in the no._ina! trajectory end can safely choose to alter the

velocity sc_._ad__lewith which he translates over the surface in a_rroach-

in6 a isndir_ site. An example case from the work of reference ! shows

that a ranse extension of about 3000 feet can be acco_;,plished at a cost
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of only _ ft/sec if the pilot is free to malleuver with attitude devia-

tions fro_ the vertical of +30 degrees. Reference I esashes a Phase flY

descent from i000 feet cf altitude but the ran_je exLens.ion cal_,=_bility is

qualitatively applicable to the present _,rol_osed trajectory.

Inf].uence upon L_4 fuel bud6_et

The present L_.i descent fuel budget totals 7385. The total of the

nominal trajectory requirements and the contingencies listed above is

7207 ft/sec. In addition, allottment of 5 ft/sec for separation from the

CSM, 98 ft/sec for the Hobby.ann transfer maneuver and 15 ft/sec for the

rotation of the moon is necessary. The total budget allott_ent is des-

cribed in Table i. There remains a difference of 178 ft/sec of fuel

for which a requirement has not been identified. While there will cer-

tainly be a reluctance to reduce the fuel budget of the LKM, it is

believed that the budget should reflect a logically derived set of

requirements. With the present unfavorable LEM weight situation, it

appears that a rather significant weight reduction can probably be made.

CONCLO-DING REMARKS

The foregoir_g proposals for a L_,I nominal descent trajcctomy and a

L__[4descent engine fuel budget are based upon experience gained by inde-

pendent study by the Guidance and Control Division coupled with knowledge

of the work of MIT and GT_EC (including /@,_FTF). It ,is recolmL_ended that

the cn-_s proposed be carefully considered by other ,_c,_:._ organizational

elements and endorsed as appropriate.
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